Recognition that myocardial infarction is caused by coronary thrombosis has stimulated a search for a safe, rapidly acting, and effective thrombolytic regimen. Tissue plasminogen activator (t-PA) can provide relatively clot-selective thrombolysis, but one quarter of patients fail to achieve reperfusion, lysis speed is not optimal, and higher doses have been associated with an increased incidence of hemorrhagic stroke. We report the results of a multicenter study of pro-urokinase, a second naturally occurring plasminogen activator that has structural similarities to t-PA but has a different mechanism of action. Pro-urokinase was administered 3.9±+1.1 hours after the onset of chest pain to 40 patients with acute myocardial infarction with angiographically confirmed complete coronary occlusion (TIMI grade 0). After a 90-minute intravenous infusion of pro-urokinase (4.7-9 million units, 36-69 mg) 51% (20 of 39) of the patients demonstrated reperfusion (TIMI grade 2 or 3) occurring 64.8±22.3 minutes after initiation of therapy. Fibrinogen levels fell only 10±17% from baseline, confirming the fibrin specificity of pro-urokinase. As with t-PA, however, this specificity was only relative. aV2-Antiplasmin decreased to 39o and plasminogen decreased to 64% of initial values. Fibrinogen degradation products increased 63% and the fibrin-specific D-dimer increased 8.7-fold. Thus, pro-urokinase produces relatively clot-selective coronary thrombolysis similar to that produced by t-PA, but the use of either pro-urokinase or t-PA alone in higher doses would be likely to produce more nonspecific effects. (Circulation 1989;79;776-782) T he knowledge that myocardial infarction is caused by coronary thrombosis' and that early reperfusion is beneficial2 has stimulated a search for a rapidly acting, safe, and effective thrombolytic regimen.3-5 Tissue plasminogen activator (t-PA), a naturally occurring enzyme, can provide effective lysis with only a modest effect on systemic clotting factors; however, approximately 25% of patients do not achieve lysis, approximately 20% of the patients who do achieve lysis require over 60 minutes to do so, and higher doses have been associated with central nervous system hemorrhage.6-8
1979.10 Both in vitro and in vivo experimental studies in animals have demonstrated that prourokinase (also called single-chain urokinase-type plasminogen activator, or scu-PA) can provide relatively fibrin-specific thrombolysis.10 A study in normal volunteers has shown that pro-urokinase produces less fibrinogenolysis for a given degree of fibrinolytic potential than does urokinase. 11 Only limited information is available about the action of pro-urokinase in patients with acute myocardial infarction.12-18 These studies suggest that pro-urokinase can lyse coronary thrombi in humans with little change in systemic fibrinogen levels, but the small number of patients in each study precludes precise determination of reperfusion rate, time to lysis, and relative clot selectivity.
In this report, which represents the entire experience with the clinical use of pro-urokinase in the United States, we present the results of the administration of pro-urokinase to 40 patients with acute myocardial infarction. In addition to its larger size, this study, in which seven hematologic parameters were measured before and after therapy, provides an extensive characterization of the effects of prourokinase on the clotting system. Methods The study was conducted by investigators from the following six institutions: Brigham 
Inclusion Criteria
Patients were considered for inclusion in the study if they had ischemic pain of at least 30 minutes duration and electrocardiographic evidence of salvageable ischemic myocardium (presence of an R wave in at least one lead with ST-segment elevation). It was required that the time from the onset of pain to the administration of pro-urokinase be less than 5 hours.
Exclusion Criteria
Patients were excluded for the following reasons: Killip class III or IV congestive heart failure at the time of the initial cardiac catheterization, significant valvular heart disease, cardiomyopathy, previous coronary artery bypass surgery, comatose state at the time of screening or before catheterization, use of an investigational new drug in the 4 weeks before the infarction, use of a toxic drug within the previous 3 months, severe compromise of renal or hepatic function, alcohol or drug abuse, hypertension requiring therapy with two drugs before the infarction or arterial pressure .160/100 at the time of screening, or cardiopulmonary resuscitation within 1 month before infarction.
Patients were also excluded if any of the following contraindications to thrombolytic therapy were present: ongoing therapy with heparin or Coumadin, venous or arterial puncture of the neck or subclavian region within the previous 10 days, cerebrovascular accident within the previous 2 months, active bleeding, peptic ulcer disease within 1 year of entry, major surgery within 10 days before entry into the study, or history of hemorrhagic diathesis or abnormal coagulation parameters or both.
Baseline Coronary Angiography
Patients who met the above criteria and gave informed consent underwent immediate coronary angiography. After venous and arterial access sites were established, heparin (5,000 units) was administered intravenously and coronary angiography performed. Only patients with total occlusion of the coronary artery supplying the presumed zone of ischemia (TIMI grade 0) were included in the study. Intracoronary nitroglycerin was administered to exclude occlusion due to reversible coronary spasm.
Study Population
Forty patients satisfied the inclusion and exclusion criteria and were enrolled in the study (34 men and six women). The first patient was enrolled on April 11, 1986 , and the last on August 6, 1987. The mean age of the patients was 56 ± 11 years; average time from onset of chest pain to the administration of pro-urokinase was 3.9±1.1 hours (range, 1.8-5.8). Thirty-eight of the patients experienced a myocardial infarction as documented by elevated plasma levels of myocardial enzymes; the remaining two patients died within 3 hours of entering the study.
Pro-urokinase Administration
Pro-urokinase was supplied by Sandoz Research Institute, Hanover, New Jersey. 19 The biologic origin of the pro-urokinase used was the malignant human kidney cell line TCL-598. 10 The specific activity of the pro-urokinase after plasmin activation ranged from 120,000 to 140,000 IU/mg based on the World Health Organization urokinase standard (International Reference Preparation of Human Urokinase [coded 66/46] obtained from the National Institute of Biological Standards and Control). Doses expressed in milligrams are calculated using an average specific activity of 130,000 IU/mg. The preparation included less than 1% two-chain urokinase based on amidolytic activity (S2444) before and after activation. It also contained a variable amount (from 2.6% to 12.8%) of an inactive breakdown product of pro-urokinase.
Patients received an intravenous infusion of prourokinase for a total duration of therapy of 90 minutes. As the trial progressed, gradually increasing doses of pro-urokinase were evaluated (Table 1) .
Coronary Angiographic Studies
The Coronary Angiography Core Laboratory used the TIMI grading system20 to classify coronary perfusion: grade 0, no perfusion detected; grade 1, penetration of contrast without perfusion; grade 2, partial perfusion; grade 3, complete perfusion. Before pro-urokinase administration, all patients had TIMI grade 0 occlusion resistant to intracoronary nitroglycerin infusion. Repeat coronary angiograms were performed at 10, 20, 30, 40, 60, 75 , and 90 minutes after initiation of therapy as in previous studies by the TIMI group.6 Patients whose perfusion improved to grade 2 or 3 at 90 minutes after initiation of infusion of pro-urokinase were considered to have experienced reperfusion and were classified as responders, while those with grade 0 or 1 were classified as nonresponders.
Hematologic Studies
To characterize the effects of pro-urokinase on the hemostatic system, seven hematologic parame- ters were measured: fibrinogen, plasminogen, a2-antiplasmin, fibrin(ogen) degradation products (FDPs), the B-,B1-42 fibrin(ogen) breakdown product, and the relatively fibrin-specific degradation products D-dimer (XDPs) and B-/315-42. Blood for plasma fibrinogen was drawn into 13 mM trisodium citrate and 500 kIU/ml aprotinin (to prevent fibrinogenolysis in vitro) and then immediately cooled to 40 C. Plasma was collected from these samples by centrifugation at 800g for 15 minutes and was stored at -20°C for up to 6 weeks. Fibrinogen content of the plasma was measured by the sodium sulfite precipitation method.21 Plasminogen and a2-antiplasmin were measured in plasma to which no aprotinin was added, using the chromogenic peptide substrate 
Results

Coronary Artery Reperfusion
Reperfusion after pro-urokinase administration was observed in 20 of the 39 patients (51%) who had angiograms performed 90 minutes after initiation of therapy. (Of the initial 40 patients, one died before the 90-minute study.) As shown in Table 1 , there was no apparent correlation between dose and reperfusion rate, but the number of patients studied at each dose level was small. The reperfusion rate for the one third of patients receiving the lower doses (less than or equal to 6.25 million IU) was 50% (six of 12) compared with 65% (11 of 17) for the one third receiving the higher doses (greater than or equal to 8.5 million IU), p= NS.
The average time to reperfusion was 64.8 ± 22.3 minutes. There was no significant relation between the interval from the onset of pain to the initiation of pro-urokinase and reperfusion. There was also no relation between body weight and reperfusion.
Hematologic Effects
Adequate plasma samples for assessment ofhematologic response were available in 36 of the 40 patients.
The 51% reperfusion rate was associated with only minimal disturbance of the coagulation system. The levels of the seven hematologic variables before infusion of pro-urokinase are presented in Table 2 . Figure 1 shows the changes in these variables 90 minutes after the start of pro-urokinase therapy, expressed as a percentage of baseline values. Fibrinogen fell only 10 ± 17% for the group, and in no patient did it fall below 100 mg%. Importantly, the method used to measure fibrinogen may rhage, the patient was receiving heparin therapy and the partial thromboplastin time was longer than 80 seconds. The mean hematocrit for all patients included in the analysis was 42.4% before prourokinase and 35.6% within the first 24 hours after pro-urokinase. Two patients died within the 24 hours after pro-urokinase therapy. One died of cardiogenic shock 80 minutes after initiation of pro-urokinase therapy; the second died during balloon inflation for coronary angioplasty performed 3 hours after prourokinase administration. No cerebrovascular events occurred during the first 24 hours after therapy nor were any allergic reactions observed.
Relation of Hematologic Effects to Reperfusion
The hematologic responses of the 18 patients who achieved reperfusion and had hematologic data available, termed responders, were compared with those of the 18 nonresponders with data available in an attempt to determine if development of a systemic lytic state was more likely to lead to thrombolysis. Before treatment, there were no significant differences between responders and nonresponders in any of the seven hemostatic values. After treatment, the decreases of fibrinogen and plasminogen, and the increases of FDP, XDP, B-pl-42, and B-p15-42
were not significantly different between groups.
Discussion
In this study of patients with acute myocardial infarction, pro-urokinase produced effective, relatively fibrin-specific lysis of coronary thrombi similar to that achievable with t-PA as monotherapy. Fiftyone percent of the 39 patients achieved reperfusion in response to a range of doses. Plasma fibrinogen values were not markedly depressed, and only more sensitive hematologic measures indicated the presence of a mild systemic lytic state. One patient experienced a significant hemorrhage 10 hours after pro-urokinase, while receiving heparin therapy.
Pro-urokinase was discovered by Husain, Gurewich, and Lipinski who isolated it from human urine in 1979.9-11 Although pro-urokinase has been less extensively studied than t-PA, sufficient data are now available to indicate its promise as a thrombolytic agent for myocardial infarction.
Pro-urokinase is a 55,000-Da protein composed of 411 amino acids26 that, like t-PA, contains a serine protease active site, a "kringle" domain, and an epidermal growth factorlike domain. It differs from t-PA, however, in that, despite the presence of its kringle domain, it does not bind strongly to fibl in and is stable when exposed to plasma. 30 Two theories have been advanced to explain its relative fibrin-specificity, which has been welldocumented with in vitro plasma and in vivo animal studies. Pannell et al30',31 have proposed that prourokinase selectively activates fibrin-bound Gluplasminogen due to a specific conformational change induced in the Glu-plasminogen when the latter proenzyme binds to certain lysine residues on partially digested fibrin. It is postulated that pro urokinase is converted to its active form, high molecular weight two-chain urokinase, by plasmin generated on the fibrin surface.30,31 An alternative theory is that the clot-selective action of prourokinase results from its inhibition in plasma by an inhibitor that is not active in the presence of fibrin.32
Pro-urokinase was first administered to patients by Van der Werf et al'3 who reported lysis of coronary thrombi in four of six patients in 1986. A number of studies reported relatively fibrin-specific thrombolysis.14-18 Diefenbach et al14 showed that a higher dose produced effective reperfusion but depleted fibrinogen.
These studies suggested the importance of prourokinase as a relatively fibrin-specific thrombolytic agent, but each consisted of too small a number of patients to narrow the confidence intervals for reperfusion rate, time to lysis, and fibrinogen degradatiorn, and none reported as extensive data describing the effects on the heinostatic system as the present study.
The results of the present study of pro-urokinase are similar to those obtained in the initial TIMI study of t-PA. In phase I of the TIMI trial, 62% of patients who received t-PA achieved patency at 90 minutes. The hematologic results indicate that prourokinase is at least as fibrin specific as t-PA.
The hematologic parameters measured in the present study permit thorough characterization of the fibrin specificity of pro-urokinase. The minimal depression of fibrinogen (a 10% decrease), despite effective lysis, clearly places pro-urokinase in a class with t-PA as a relatively fibrin-specific thrombolytic agent, and distinguishes it from streptokinase, urokinase, acylated streptokinase-plasminogen activator complex (APSAC), and other nonselective thrombolytic agents. The potential underestimation of the degree of fibrinogen reduction by the sulfite method notwithstanding, these results indicate only a modest reduction of fibrinogen that compares favorably with studies of other plasminogen activators in which a similar fibrinogen assay was used.
The complete hematologic profile obtained indicates that the fibrin-specificity of pro-urokinase is not absolute. As has been observed with t-PA, pro-urokinase produced marked decreases in both plasminogen and a2-antiplasmin.
It has been proposed that a systemic lytic state, such as that generally observed after treatment with the nonselective plasminogen activators, may have a beneficial effect on myocardial perfusion unrelated to lysis of the occlusive coronary thrombus.33,34 It has been suggested that the systemic depletion of fibrinogen produced by streptokinase may improve blood flow within the infarcted area by decreasing blood viscosity. 35 Although a selective effect on the offending thrombus would appear to be the most desirable for reasons of safety, the question of the potential beneficial effect of nonspecific lysis remains unresolved because studies of the nonselective agent streptokinase have demonstrated a mortality benefit, while similar studies have not yet been conducted with pro-urokinase. An answer to this question may be obtained from ongoing mortality trials comparing t-PA with streptokinase.
Whatever the outcome of such comparisons, it is essential to continue the search for the most effective, safe, and clot-selective regimen. Such a regimen would provide the physician with the flexibility to attack the clot alone if desirable (or necessary because of bleeding risks) or to add a systemic lytic effect if such an effect is proven to provide benefits beyond those achieved with selective coronary thrombolysis. Although both t-PA and prourokinase originally offered promise as ideal thrombolytic agents, neither appears to be completely capable of achieving the triple goals of safe, rapid, and effective clot lysis when used as monotherapy. In the present study, pro-urokinase failed to produce reperfusion in 49% of the patients, and a mean of 64.8 minutes of crucial time was lost from initiation of therapy to reperfusion. There is a suggestion in the data, supported by a previous study,14 that higher doses would provide higher reperfusion rates, but the price would be a greater depletion of systemic clotting factors and a possible higher risk of hemorrhagic complications.
Such potential problems with higher doses of pro-urokinase have already been experienced with t-PA. The 150-mg t-PA dose, which produced the most rapid lysis and a 76% reperfusion rate,6-8 created a significant systemic lytic effect and an unacceptable rate of hemorrhagic stroke (1.6%).8 Experience with the 150-mg dose thus defined an upper limit on the dosage of t-PA. The 100-mg dose now recommended for use has a favorable riskbenefit ratio in appropriately selected patients, but one fourth of the patients treated will not achieve reperfusion and those who do must in some cases experience continued myocardial necrosis for up to 90 minutes before lysis occurs.
It is possible that the limitations of both prourokinase and t-PA as individual agents can be overcome by their combined use. Such a combination is suggested by the natural state in which both activators are found in human plasma, by their distinct yet complementary mechanisms of action,30 and by laboratory30'36'37 and clinical studies38 suggesting that their combination has a synergistic effect. The combined regimen of t-PA and pro-urokinase must now be compared with t-PA monotherapy in a study with a larger number of patients in which there is no delay for a pretreatment angiogram.
